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Abstract Saturn’s magnetosheath flows exhibit significant dawn/dusk asymmetry. The dawnside flows
are reduced from expectation, suggesting significant momentum transport through the magnetopause
boundary where the flow shear is maximized. It has been suggested that the solar wind interaction with the
giant magnetospheres is, in fact, dominated by a viscous-like interaction governed by the Kelvin-Helmholtz
instability. In three dimensions, the Kelvin-Helmholtz instability can generate small-scale and intermittent
magnetic reconnection due, in part, to a twisted magnetic field topology. The net result is a field line
threading of the magnetopause boundary and the generation of Maxwell shear stresses. Here we present
three-dimensional hybrid simulations (kinetic ions and massless fluid electrons) of conditions similar
to Saturn’s dawnside magnetopause boundary to quantify the viscous-like, tangential drag. Using
model-determined momentum fluxes, we estimate the effect on dawnside sheath flows and find very
good agreement with observations.
Plain Language Summary Planets with magnetic fields generate a cavity in space known as
a magnetosphere. At Earth, the solar wind is capable of flowing around the magnetospheric obstacle
with minimal drag along the equatorial flanks. This does not appear to be the case at Saturn. A significant
solar wind flow asymmetry was observed with the Cassini Spacecraft, indicating substantial drag on the
dawnside boundary. Using high-resolution computer simulations that capture individual charged particle
(ion) motion, we have demonstrated the basic physical processes responsible for this drag force. We find
that strong flow shears generate vortices (i.e., the Kelvin-Helmholtz instability) that twist the magnetic field,
directly connecting the solar wind and planetary magnetic fields in an intermittent and patchy manner.
The drag force on the solar wind flow is estimated and found to be in good agreement with the simulations.
This is the first three-dimensional computer simulation of Saturn’s interaction with the solar wind that
includes individual charged particle motion. Previous simulations have been limited to two dimensions
and did not capture the complicated magnetic connectivity between Saturn and the solar wind.
1. Introduction
The solar wind interaction with Saturn’s magnetosphere involves substantial tangential drag at the
dawnside magnetopause boundary (Burkholder et al., 2017). In collisionless plasmas, the tangential drag
can be described as viscous-like (Axford & Hines, 1961); however, the specific physical mechanisms that
allow momentum transport at the magnetopause boundary are poorly understood. The strong flow shears
on the dawnside magnetopause boundary suggest that the Kelvin-Helmholtz (KH) instability may play
a key role (Delamere et al., 2011; Ma et al., 2015; Masters et al., 2010, 2012, 2014; Wilson et al., 2012).
Recent studies to quantify sheared flow-driven transport have demonstrated that in three dimensions the
interaction between the KH instability and magnetic reconnection can lead to significant mass transport
facilitated through intermittent, midlatitude reconnection (Ma et al., 2017). Typically, the equatorial regions
are KH unstable, while midlatitude and high-latitude regions are KH stable (Desroche et al., 2013). This
means that interplanetary magnetic field and magnetospheric magnetic fields are twisted locally, form-
ing a pair of strong guide field (component) reconnection sites at midlatitudes. Reconnection can occur
asynchronously, generating open flux; however, Ma et al. (2017) showed in three-dimensional (3-D) magne-
tohydrodynamic (MHD) simulations that double (synchronous) reconnection dominated. The synchronous
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Ma et al. (2017) found diffusion coefficients under northward interplanetary magnetic field conditions at Earth
to be as high as 1010 m2/s.
Recently, global MHD simulations have demonstrated a viscous-like interaction at Saturn’s dawnside magne-
topause boundary. Using the Block Adaptive Tree Solar wind Roe-type Upwind Scheme (BATS-R-US) 3-D MHD
model, Sulaiman et al. (2017) demonstrated a dawn-dusk asymmetry in Saturn’s sheath flows immediately
adjacent to the magnetopause boundary with terminator flank values approaching 50% of the solar wind
speed but with the dawnside (∼ 10 local time) experiencing roughly a factor of 2 reduction in flow speed com-
pared to the dusk (∼ 14 local time). Similarly, using the multifluid Lyon-Fedder-Mobarry (MFLFM) 3-D MHD
model for Jupiter, Zhang et al. (2018) showed an even larger (3 times) asymmetry at the same 10 and 14 local
time locations. Using sheath flows derived from the Cassini Plasma Spectrometer instrument, Burkholder et al.
(2017) showed that, on average, the dawn sector is reduced by a factor of < 2 compared with the dusk sector
immediately adjacent to the magnetopause boundary; however, there are instances where the asymmetry
exceeds 3 times, indicating substantial variability. The average reduction in dawnside flow (compared with
dusk) for all data points taken within 500 min of the magnetopause boundary crossing was 55 km/s. Assuming
a spacecraft velocity of 6 km/s and a static magnetopause boundary location, this corresponds to a region of
roughly 3 RS (Saturn radii). A corresponding region inside of the bow shock shows dawn-dusk symmetry.
While the global simulations appear to capture the dawn-dusk asymmetry, there remains the issue of the spe-
cific physical mechanism responsible for the momentum transport. On relatively coarse simulation grids, the
global simulations are subject to numerical diffusion, yielding an effective viscosity. While the numerics may
capture the qualitative nature of the interaction, an elucidation of the specific physical mechanisms is lacking.
It is the intent of this paper to demonstrate the momentum transport mechanism using high-resolution 3-D
hybrid simulations of Saturn’s dawnside magnetopause boundary. Specifically, we initialize a local simulation
with parameters representative of Saturn’s dawnside magnetopause and directly calculate the momentum
transport under a variety of conditions. We find that momentum transport is dominated by off-diagonal
(shear stresses) terms in the Maxwell and Reynolds stress tensors. These terms are often comparable, and we
will show that the momentum transport is consistent with observations.
The results of this study have broad application to dawn/dusk asymmetries in Jupiter’s magnetosphere and
the ongoing Juno mission. Comparative studies are also directly relevant to the viscous-like processes at
Earth’s magnetopause boundary.
1.1. Hybrid Simulation
The hybrid code (kinetic ions and massless fluid electrons) was first proposed by Harned (1982), and the par-
ticular algorithms for our code were developed by Swift, (1995, 1996), Delamere (2009), and Delamere et al.
(1999). The code assumes quasi-neutrality and is nonradiative. The Lorentz force equation is solved following
the Boris method (Birdsall & Langdon, 1991; Boris, 1970). The electric field and magnetic fields are calculated
on a Yee grid (Yee, 1966), ensuring easy curl calculations while maintaining a divergence-free magnetic field.
The magnetic field equations are updated with a second-order, predictor-corrector method. Specifically, the
particles are advanced by the ion equation of motion mi
dvi
dt
= q(E+vi ×B)where vi is the ion particle velocity,
E is the electric field, B is the magnetic field, mi is the ion mass, and q is the elementary charge. The massless
electron momentum equation is used to find the electric field, E = −ue × B − 𝜈(ue − ui) −𝛁Pe∕(nq) where ue
and Pe are the electron flow velocity and thermal pressure and 𝜈 is the electron-ion collision frequency. The
electron fluid is assumed to be isothermal such that 𝛁Pe = Te𝛁n. Ampere’s law is ue = ui −
1
𝜇onq
𝛁 × B where
ui is the ion bulk flow velocity determined with standard particle-in-cell shape functions (i.e., particle to grid
weighting). The magnetic field is advanced from Faraday’s law.
We note that electron pressure effects can be captured by the hybrid simulation to model kinetic Alfvén













where 𝜌i is the ion Larmor radius and vA is the Alfvén speed. In addition, at
ion inertial scales the kinetic Alfvén mode resolves the Alfvén and ion-ion hybrid resonances of the fast mag-
netosonic/whistler branch. The hybrid code captures kinetic aspects of magnetopause boundary processes
including mode conversion of compressional fast mode waves to KAWs.
The 3-D simulations used in this study follow from the two-dimensional simulations of KH by Delamere et al.
(2011) where the magnetic field was primarily in the ignorable (y) direction. Here we expand the simula-
tion domain along the magnetic field y direction and include a small magnetic field component in the flow
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Mass density, 𝜌o (10
−22 kg/m3) 6.7
Ion inertial length, c∕𝜔pi (km) 360
Magnetic field, B0 (nT) 5
Alfvén speed, vA (km/s) 173
Plasma 𝛽 1
Initial in-plane magnetic field, Bx0 (nT) 0.2
Magnetic shear profile Bx0 tanh[(z − z0)∕L0]
Velocity shear layer profile 0.8vA tanh[(z − z0)∕L0]
Scale length of shear profile, Lo 1.0c∕𝜔pi
Grid resolution 0.5c∕𝜔pi
Electron temperature (eV) 10
shear plane (xz). The x and y boundary conditions are periodic. The z boundary is open with 𝜕z = 0. The
flow shear profile is given by 0.8vA tanh[(z − z0)∕L0], where vA is the magnetosheath Alfvén velocity and L0 is
the scale of the velocity jump. The magnetic field is nearly parallel with a small sheared in-plane Bx compo-
nent. Table 1 summarizes our baseline parameters that are representative of Saturn’s dawnside magnetopause
boundary. In this paper we only consider the thermal plasma (protons only) as a baseline case. A more realistic
simulation for future study would include heavy ions (Delamere et al., 2011) and the superthermal popula-
tion (Sergis et al., 2013). We anticipate that heavy and/or superthermal ions will increase diffusive transport,
potentially enhancing the viscous-like interaction. We use a plasma 𝛽 ∼ 1 following observations of the
thermal plasma (Wilson et al., 2012) and a grid resolution of 0.5c∕𝜔pi, where c∕𝜔pi is the ion inertial length.
Under these conditions the proton thermal gyromotion is resolved.
2. Results
Figure 1 shows an example from a 3-D simulation at t = 88(Ω−1i ). The color slices in the xz plane show particle
mixing. Particles are initialized with values of 0 (blue) or 1 (red) depending on location with respect to the
velocity shear boundary, and thus intermediate colors indicate the extent of mixing. The KH vortices quickly
mix the plasma (e.g., superdiffusion described by Cowee et al., 2010) due to large ion gyroradius effects and
relatively thin boundaries. The gray isosurface indicates the 50% mixing boundary and serves as a proxy for
the distorted magnetopause boundary. Magnetic field lines (colored by local mixing) are shown, traced from
the bottom to top boundary. The variation in the y direction is evident as is the twisting of the magnetic field.
The patchy red isosurfaces indicate regions with parallel electric fields and thus regions where strong guide
field/component reconnection is occurring.
Hybrid simulations of the KH instability are self seeding. That is, the surface waves grow from the random
fluctuations associated with coarse particle statistics and typically appear initially at the shortest wavelength
resolved by the grid (∼ 1.5c∕𝜔pi). The fastest growing mode in a compressible plasma ranges between
kxL0 and 2kx L0 or 6 to 12 c∕𝜔pi (Miura & Pritchett, 1982). Larger wavelengths have lower growth rates but
larger amplitudes, resulting in an inverse cascade to larger scales (Delamere et al., 2011). Figure 2 shows a
power spectrum of perpendicular (i.e., Bx , Bz) magnetic field fluctuations at t = 192Ω−1i . The dotted verti-
cal line corresponds to kx = 𝜋∕(c∕𝜔pi). The red line has a spectral index of −5/3, and the blue line has a
spectral index of −8/3 consistent with a turbulent cascade in the respective inertial and dissipative ranges
(Galtier et al., 2005). Turbulent magnetic fluctuations are seen throughout Saturn’s magnetosphere (Kaminker
et al., 2017; von Papen et al., 2014), and KH-related ion heating could be an important aspect of boundary
layer processes.
The phase of the surface waves also varies along the magnetic field due to the stochastic nature of the initial
perturbation. Figure 3 shows the xy plane taken from the center of flow shear region at t = 64Ω−1i , illustrating
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Figure 1. Results from the 3-D hybrid Kelvin-Helmholtz simulation at t = 88(Ω−1i ). The color slices indicate particle
mixing, the gray surface is the 50% mixing boundary (i.e., magnetopause), the red isosurfaces are regions of parallel
electric fields, and the sample magnetic field lines are colored by particle mixing.
the field-aligned structure of Bx , ux , and the particle mixing. A surface wave that is 180
∘ out of phase with a
wave in another region will locally twist the magnetic field, potentially leading to strong guide field recon-
nection. The reconnection process is similar to the double reconnection process discussed by Ma et al. (2017)
for the KH instability at Earth. However, in this case reconnection can occur in many locations if k∥ is large.
Due to the limited box size, the simulations eventually saturate at an m = 1 mode and the parallel dimension
can also be considered ignorable. In reality, the KH waves can continue to grow and k∥ is determined, in part,
by the extent of the KH unstable region of the magnetopause boundary (Desroche et al., 2013).
An estimate of the momentum transfer can be made by considering the flux conservative form of the
momentum equation in steady state
(1)
Strictly speaking, the KH instability is a dynamic process, but we treat the average state of the magne-
topause boundary as static (i.e., between the limits of a diffuse boundary layer and actively growing vortices).
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Figure 2. Power spectrum of magnetic field fluctuations in the central vortex region at t = 152(Ω−1i ). The dotted vertical
line corresponds to k⟂ = 𝜋∕(c∕𝜔pi). The red line has a spectral index of −5/3, and the blue line has a spectral index
of −8/3.


















⋅ da = 0. (2)
Here we integrate over the central xz plane shown in Figure 3, comparing the off-diagonal elements of the
𝜌uu (Reynolds) and BB∕𝜇o (Maxwell) terms. Specifically, we are interested in tangential x-directed momentum
transported in the normal z direction, or T Rxz = 𝜌uxuz and T
M





as a function of time, showing the overall net positive contribution of the Maxwell stresses, though the
Figure 3. The central xy plane taken at t = 64(Ω−1i ), showing Bx , ux , and mixing. The phase of the Kelvin-Helmholtz waves varies in the y direction generating
significant structure in the field-aligned direction.
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Figure 4. Shear stresses as a function of time. Both Reynolds (T Rxz) and Maxwell (T
M
xz ) stresses contribute to the
momentum transport, but T Mxz provides the dominant contribution.
Reynolds stresses also contribute. The momentum fluxes increase rapidly as the instability progresses through
the inverse cascade but at later times decrease as the simulation saturates in the m = 1 mode.
3. Estimate of Dawnside Sheath Flow Reduction
An estimate of the effect on Saturn’s dawnside sheath flow can be made using the momentum transport rate
from the hybrid simulations. Following Figure 5, we let +t̂ (tangential) be toward the subsolar point and +n̂
(normal) be toward the planet (simulation coordinates). Assume a volume of the sheath with equal inflow
(subscript 1) and outflow (subscript 2) areas with width Lt and area at = Lt𝛿z where 𝛿z is the vertical scale of
the KH unstable region of the magnetopause boundary. The area on the magnetopause boundary (subscript
3) is an = Lndz, so the ratio of the areas is, for example, Ln∕Lt .
For the case of no viscous stress (on the magnetopause boundary surface an) the tangential component of





2at + P1at − P2at = 0. (3)
Figure 5. An equatorial cross section of the volume considered for evaluating the momentum transport to Saturn’s
dawnside magnetosheath.
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2 (assume negligible dynamic pressure at inflow boundary, okay for subsolar
point), then the pressure difference can be expressed in terms of the asymptotic sheath flow, u2, or
𝜌2u
2
2 = P1 − P2, (4)
where P represents both thermal plasma pressure and magnetic pressure associated with MHD flow of
shocked plasma in the sheath.
Now consider the case where viscous stresses (tangential drag) are present on the magnetopause boundary,
but assume that P1 and P2 are unchanged due to modified flow. For the sake of a rough estimate (upper limit),
we assume that equation (4) is valid and equation (2) becomes

















where (Δu2)2 = u22 − (u
′
2)
2 and where 𝜌3 is the mass density on the magnetopause boundary.
Typical upper limit values for the Maxwell and Reynolds stresses on the right-hand side from the hybrid simu-
lations are 4×10−13 N/m2, the average sheath mass density is 𝜌2 = 0.18 cm−3, and an∕at = Ln∕Lt ∼ 15∕3 = 5.
For these parametersΔu2 ∼ 80 km/s. This is consistent with the observed flow reduction in Saturn’s dawnside
magnetosheath where the expected asymptotic flow is 200 km/s.
4. Conclusions
The viscous-like interaction between the solar wind and Saturn’s magnetosphere is manifested by significant
dawn-dusk asymmetries in magnetosheath flows (Burkholder et al., 2017). Using a 3-D hybrid simulation, we
have quantified the momentum transport at Saturn’s KH unstable magnetopause boundary. We conclude as
follows:
1. At the root of the viscous-like interaction are Maxwell shear stresses generated at the magnetopause
boundary by magnetic field line threading.
2. Small-scale and intermittent reconnection facilitate field line threading of the boundary at multiple recon-
nection sites.
3. Magnetic field fluctuations are turbulent, and plasma heating is expected.
4. Diffusive plasma transport leads to a rapid mixing of magnetosphere and solar wind plasma.
5. The episodic nature of the KH instability may account for the wide range of dawnside sheath flows reported
by Burkholder et al. (2017).
Future studies will investigate the effect of heavy and/or superthermal ions as well as turbulent heating and
associated diffusive transport. Momentum fluxes from our local simulations will also be compared with global
simulations (e.g., Zhang et al., 2018) to determine whether numerical effects (i.e., viscosity) are an accurate
approximation to the realistic kinetic-scale physics that cannot be resolved in global simulations.
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